Compounds with the general formula Mg 1− Al B 2 were obtained by two-step ceramic synthesis. All compounds were characterized by X-ray diffraction, NMR spectroscopy, and by four point probe resistivity measurements in various magnetic fields method. The diborides unit cell parameters were determined as a function of the Al mole fraction. With the vaues of up to 0.40 (where is the composition of the stock prepared for sintering), the unit cell parameters of Mg 1− Al B 2 are similar to those of pure MgB 2 and the superconducting transition temperature was lowered. For stock compositions of 0 25 ≤ ≤ 0 60, the products contain a superstructure, also superconducting phase, which becomes the only product at = 0 50, and at > 0 60 this phase is replaced by AlB 2 -based solid solutions. 
Introduction
Magnesium diboride is a readily available "mediumtemperature" superconductor with a critical temperature of T = 39 − 40 K. Shortly after the discovery of superconductivity in this stoichiometric compound with a very simple layered structure [1] , researchers with experience in * E-mail: vastup@gmail.com copper oxide high-temperature superconductors have attempted to increase the T of the diboride by isovalent and heterovalent substitution of magnesium and boron atoms in the metal and boron sublattices.
It was assumed that changing the electronic structure of the diboride by the replacement of magnesium and boron atoms with atoms of another nature and size would raise the T . However, extensive studies in this field have demonstrated that in general, such substitution only degrades the superconducting properties of magnesium diboride [2] [3] [4] . when magnesium was substituted by aluminum. MgB 2 and "AlB 2 " are known to be structural analogues, but the aluminum cation (r(Al 3+ ) ∼ 0.050 nm) is substantially smaller than the magnesium cation (r(Mg 2+ ) ∼ 0.065 nm). Based on earlier results [5] , one might expect that this substitution will contract the diboride lattice and raise T . It was demonstrated that aluminum does indeed replaces magnesium atoms in its layer [6] . However, this leads to a decrease in T even at < 0 10 and the compositions with an Al content of > 0 10 are almost non-superconducting [4] . The substitution of Al causes a gradual decrease in T [7, 8] . This decrease is accelerated once the composition Mg 0 91 Al 0 09 B 2 is reached, and the superconducting properties are completely degraded in Mg 0 85 Al 0 15B 2 . This is explained by the random distribution of the substituent in the MgB 2 structure [7] . As the amount of aluminum in MgB 2 is increased, both unit cell parameters of the diboride decrease, with the parameter decreasing to a greater extent than the parameter . It was noted [8, 9] that the decrease in the unit cell parameter of MgB 2 is proportional to the amount of aluminum introduced into the reaction. Therefore, the aluminum content of the Mg 1− Al B 2 solid solutions can be determined from the value of . However, as was demonstrated in the studies of single crystals of these compounds [10] , the linear dependence of on persists only in the composition range of MgB 2 -Mg 0 90 Al 0 10 B 2 . The amount of aluminum in AlB 2 is 10% smaller than the stoichiometric amount of aluminum introduced into the reaction. Therefore, the structure is defective in the Al position. Electron microscopy and X-ray diffraction data [7] [8] [9] [10] indicate the presence of second phase in some Mg 1− Al B 2 compositions that was identified as a superstructure phase. This phase best presents itself at equimolar amounts of Mg and Al, therefore, its composition is Mg 0 50 Al 0 50 B 2 , or MgAlB 4 , and it has an AlB 2 -type structure with alternating Mg and Al layers between boron layers. Here, we report the synthesis of heterometallic borides in the Mg-Al-B system for the entire composition range, the phase analysis of the reaction products, and some superconductivity parameters of the resulting solid solutions.
Experiment
Mg-Al-B compounds were synthesized from magnesium chips (99.8%), amorphous boron (99.7%) pre-heat-treated at 573 K in a dynamic vacuum for 1-1.5 h, and small aluminum pellets (analytical grade). A stainless steel tube 8 mm in diameter and 80 mm in length was charged with the stock in a glove box under dry nitrogen atmosphere, and its open end was then sealed. The stock was heat-treated at T = 1173 K for 15 h. Next, the tube was cooled in the furnace and held for 15 hrs at T = 773 K. After that, the tube was unsealed and the solid was thoroughly ground in an agate mortar before examination. The phase composition of the solid was determined by Xray diffraction on an ARL X'TRA diffractometer (Thermo Electron Corp., United States,) using CuKa radiation and an internal silicon standard. Crystallographic parameters were calculated using the Powder 2 program. 27 Al NMR spectra were recorded at room temperature on a Bruker MSL-300 spectrometer (magnetic field strength of 7.04 T) and an Avance 600 spectrometer (14.1 T). The spin system was excited using a single-pulse sequence with pulse duration of 1-2 µs. The superconducting transition temperature of the heterometallic borides was determined by the standard four point probe resistivity measurements in a temperature range between 4.2 and 300 K (accuracy of the transition temperature termination was ± 0.1 K).
Results and discussion
The synthesis of layered compounds of graphite involving two intercalates, depending on their nature and on reaction conditions, can yield cointercalation compounds or biintercalation compounds ( Fig. 1) , that differ dramatically in their chemical, physical, and structural properties [11, 12] . Drawing a pure geometric analogy between the diboride and graphite structures and taking into account that MgB 2 and "AlB 2 " are isostructural, one can anticipate the formation of two types of "intercalation" compounds in the Mg-Al-B system. Since the diborides differ from graphite compounds in terms of chemical bonding, two main types of solid solutions in the Mg-Al-B system are formed. They are: ABA-type solid solutions with an isotropic distribution of metal atoms in the metal layer and ABCB-type solid solutions with homometallic layers separated by boron layers. This point of view is consistent with the superstructure phase model suggested by Zandbergen et al. [8] . In actual reaction products, each layer of the ABCB-type solid solution can contain some quantity of admixture atoms. There can be other variants of deviation from the "ideal" layer compositions, and this can lead to wide variations in the physicochemical and physical properties of the resulting substances. These deviations are thought to typically arise from the imperfections of the synthesis methods.
In order to verify these assumptions, we synthesized several tens of heterometallic boride samples with the gen- eral formula Mg 1− Al B 2 , 1 in which was varied between 0.00 and 1.00. To insure the oxygen free conditions of the samples, all manipulations were carried out in "dry" box. The preset stoichiometric ratio of the components in the borides and the uniformity of the distribution of metal atoms in the layers were ensured by carrying out 15-hr-long ceramic synthesis at 1173 K in sealed stainless steel tubes and by subjecting the product to 15-h-long annealing in the same tubes at a lower temperature. This two-step synthesis has yielded black homogenous powders. Some of them had small inclusions of aluminum. The phase composition, the unit cell parameters and T data for the Mg 1− Al B 2 are listed in Table 1 . According to X-ray diffraction data, the Mg-Al-B system has three composition regions differing in the phase composition of the synthesis products. In the first region, 0 < < 0 20, the only crystalline phase detectable in Mg 1− Al B 2 is a phase isomorphic to magnesium diboride (Fig. 2a) . In the second region, at higher aluminum contents, another phase appears against the background of the first phase. This second phase is dominant at 0 40 ≤ ≤ 0 60 and is the only phase at = 0 50 (Fig. 2b, c) . In addition, weak reflections from aluminum metal are observed in the diffraction patterns for ≥ 0 40. In the third composition region, when ≥ 0 60, the second phase is not observed and the Mg 1− Al B 2 phase, isomorphic to "AlB 2 ", coex- ists with an appreciable amount of aluminum metal (Fig.  2d) . This is quite expected since aluminum has a higher valence than magnesium and, as a consequence, the composition of "AlB 2 " is nonstoichiometric [13] .
The unit dell parameters of the observed phases are listed also in Table 1 . In Fig. 3 , the unit cell parameter , which characterizes the distance between metal atoms in the metal layer, and the parameter , which characterizes the interlayer spacing, are plotted versus the stoichiometric index , which indicates the amount of aluminum in the initial stock. However, at ≥ 0 25, the actual composition of resulting heterometallic boride differs from the initial stock composition. It is indicated by the presence of a second phase starting at Mg 0 75 Al 0 25 B 2 composition, and by the presence of aluminum metal starting at ≥ 0 40. In other words, Mg 0 75 Al 0 25 B 2 is the limiting composition for the ABA-type MgB 2 -based solid solution. At higher aluminum contents, this solid solution decomposes partially to yield a new phase.
Generally, the atomic radii of aluminum in all radius systems are smaller than the corresponding atomic radii of magnesium. Therefore, when aluminum incorporates into the magnesium sublattice to form an ABA-type solid solution, it is expected that the unit cell parameter a will decrease. Indeed, we have observed a slight decrease in a for Mg 1− Al B 2 at the composition range of ≈ 0 05 − 0 25, just as was reported by Mudgel et al. [7] . This is likely accompanied by energy-consuming "corrugation" of the graphite-like boron network, and explains why the change in a is small. As is further increased to 0.40, the parameter remains almost constant throughout the range of parametrs characteristic for this phase. This further confirms the formation of an ABA-type solid solution with the limiting composition Mg 0 75 Al 0 25 B 2 .
According to Mudgel et al. [7] and Zandbergen et al. [8] , the unit cell parameter of Mg 1− Al B 2 which depends on the spacing between boron layers, decreases uniformly throughout the solid solution composition range examined. According to our data, is practically constant within the composition range of the Mg 1− Al B 2 phase ( ≈ 0 05 − 0 25). This discrepancy is likely explained by the fact that the two-step ceramic synthesis in a certain composition range yields a fairly uniform distribution of smaller (aluminum) atoms in the sublattice of larger and more abundant (magnesium) ones. Since the magnesium sublattice commands the interlayer spacing, it is expected to see no significant changes in .
As demonstrated in Table 1 and Fig. 3 , at ≥ 0 25 the reaction products contain a new hexagonal phase for which the unit cell parameter is equal to the arithmetic mean of the parameters of MgB 2 and "AlB 2 " (0.3086 and 0.3004 nm, respectively [13, 14] ) and is equal to the sum of the values for these diborides (0.3522 and 0.3251 nm). In this composition range the plot of T as a function of the Al amount, shows a kink indicating the onset of a sharp decrease in T [10] . As the amount of aluminum in the stock is increased, the new phase builds up to become the only phase in Mg 0 50 Al 0 50 B 2 . Throughout the composition range of the superstructure phase, both parameters of its hexagonal lattice are invariable:
= 0 3052 ± 0 0003 nm and = 0 6774 ± 0 0006 nm. Thus, this phase is radically different from MgAlB 12 , another Mg: Al = 1:1 phase known in the Mg-Al-B system, which crystallizes in the orthorhombic system with = 1 0313 nm, = 0 8115 nm, and = 0 5848 nm [15] .
The unit cell parameters determined for Mg 0 50 Al 0 50 B 2 composition, seem to provide convincing evidence in favor of the ABCB-type solid solution formation. This result is consistent with data reported by Zandbergen et al. [8] , who treated this solid solution as a superstructure phase. The fact that the unit cell parameter for this phase is substantially smaller than that of MgB 2 implies that the flat boron layer in the former is strongly compressed (corrugated). This phenomenon should be still more pronounced in aluminum diboride-based solid solutions. At the same time, the parameter remains unchanged even upon the passage of the stoichiometric point of the superstructure. It is, therefore, likely that, even at > 0 50, the smaller atoms of aluminum incorporate into the magnesium sublattice without exerting any significant effect on .
Further raising the aluminum content of the stock to > 0 60 causes the breakdown of the ABCB-type solid solution and the formation an "AlB 2 "-based ABA-type solid solution, of which traces were detected (through characteristic unit cell parameter ) starting at ∼ 0 55. In the 0 70 ≤ ≤ 1 00 range, the unit cell parameter decreases strictly linearly with an increasing aluminum content of the stock and the amount of aluminum metal in the products increases (Fig. 3) . This linear dependence of on the Al content at > 0 60 is in agreement with the same dependence for the solid solutions prepared by the conventional solid-phase reaction between MgB 2 and AlB 2 [4] .
All changes in phase composition of reaction products resulting from the ceramic synthesis in the Mg-Al-B system are clearly manifested in the 27 Al NMR spectrum. At = 0 10, the spectrum (Fig. 4) shows a single resonance at 475 ± 50 ppm, which is assignable to the rare aluminum atoms uniformly distributed in the ABA-type solid solution based on magnesium diboride. Starting at = 0 40, the spectrum shows two new resonances along with the initial one. The signal at 1600 ± 50 ppm, the intensity of which grows with increasing , is due to aluminum metal. The signal at 300 ± 50 ppm should be assigned to the ABCB-type superstructure phase. The position of this signal differs from the position of the corresponding signals for "AlB 2 " and MgAlB 12 . For Mg 0 5 Al 0 5 B 2 , the line at 475 ± 50 ppm is not observed and the only line is that at 300 ± 50 ppm, which is due to aluminum in the heterometallic borides. At > 0 50, the line for the ABA-type heterometallic boride appears again, and its intensity increases with increasing , while the signal from the superstructure phase weakens rapidly to vanish at > 0 60. Thus, our 27 Al NMR and X-ray diffraction data are in agreement.
For all Mg 1− Al B 2 compositions with < 0 40, T has droped to 27.5 ± 0.1 K. At the same time, as the amount of aluminum introduced into the diboride is increased, the diamagnetic response falls rapidly to become zero at ≥ 0 6, when the system already doesn't contain the superstructure phase.
A slight decrease in T by 3-5 K is observed as is increased within the solid solution range ( < 0 10) [7] . According to other authors [16] , (T ( ) ) decreases only by 2 K with increase from 0.00 to 0.20. Our electrophysical data for the heteroborides, including superconducting trasition temperatures, are listed in Table 1 and Fig. 5-6 . Resistivity versus temperature curves (Fig. 5) It is proposed that the oscillations of the critical temperature in the superconducting phase are due to minor admixture unindexed phases in the polycrystalline samples.
It is clear from these data that as the aluminum content of Mg 1− Al B 2 is increased over the composition range 0 00 ≤ ≤ 0 50, T decreases. Consistent with literature, T is equal to 13.5 K for Mg 0 50 Al 0 50 B 2 and the single phase solid solutions with ≥ 0 60 are not superconducting. Thus, the above evidence confirms the existence of magnesium-aluminum borides as two types of solid solutions. It is likely that to some extent these phenomena will take place in the synthesis of heterometallic borides in which the atomic radius of the second metal is smaller than that of magnesium (provided that there are no thermodynamic limitations for the process). At present, it is difficult to unambiguously predict the behavior of a heterometallic boride system in which the atomic radius of the second metal is larger than that of magnesium. There are only data indicating a higher probability of the decomposition of solid solutions in such systems into a mixture of borides [6] . The third possible and the most intriguing scenario, is when the size of the heteroatom is similar to that of the magnesium atom. Attempts to carry out substitution in such systems, including the insertion of copper or gallium atoms into the magnesium sublattice [17] , led to ambiguous results that were not confirmed by later studies.
Conclusions
Compounds with the general formula Mg 1− Al B 2 ( = 0 00 − 1 00) were obtained by two-step ceramic synthesis in the Mg-Al-B system.
The correlation of the unit cell parameters for the resulting heterometallic borides with the amount of aluminum introduced in the synthesis indicates the existence of three phase composition regions for the products. In the first and third regions dominate intercalation compounds (ABA-type solid solutions) that are magnesium diboride (first region) and aluminum diboride (third region) based. The second region (0 25 ≤ ≤ 0 60) is dominated by the superstructure phase Mg 0 50 Al 0 50 B 2 , which is built like a biintercalation compound (ABCB-type solid solution).
The superstructure phase is superconductor whiles the "AlB 2 "-based solid solutions are not. The MgB 2 -based cointercalation phase is superconducting even in the twophase composition range, with a superconducting transition temperature of range T = 33 0 − 13 5 ± 0 1 K up to an aluminum mole fraction of = 0 50 in the stock.
